In glioblastoma (GBM), tumor-associated macrophages (TAM) represent up to one half of the cells of the tumor mass, including both infiltrating macrophages and resident brain microglia. In an effort to delineate the temporal and spatial dynamics of TAM composition during gliomagenesis, we employed two genetically engineered mouse models where oncogenic drivers and fluorescent reporters were expressed coordinately under the control of the monocyte/ microglia-selective Cx3cr1 or Ccr2 promoters, respectively. Using this approach, we demonstrated that CX3CR1 Lo CCR2 Hi monocytes were recruited to the glioblastoma, where they transitioned to CX3CR1 Hi CCR2 Lo macrophages and CX3CR1 Hi CCR2 − microglia-like cells. Infiltrating macrophages/monocytes constituted ~85% of the total TAM population, with resident microglia accounting for the ~15% remaining. Bone marrow-derived infiltrating macrophages/monocytes were recruited to the tumor early during GBM initiation, where they localized preferentially to perivascular areas. In contrast, resident microglia were localized mainly to peritumoral regions. RNA-sequencing analyses revealed differential gene expression patterns unique to infiltrating and resident cells, suggesting unique functions for each TAM population. Notably, limiting monocyte infiltration via Ccl2 genetic ablation prolonged the survival of tumor-bearing mice. Our findings illuminate the unique composition and functions of infiltrating and resident myeloid cells in GBM, establishing a rationale to target infiltrating cells in this neoplasm.
Introduction
The most common histological type of brain tumor in adults is the glioma, with the more malignant grades dominating between the 5 th and 8 th decades of life. Among these clinically aggressive and deadly cancers, glioblastoma (World Health Organization grade IV) is the most frequently encountered. These tumors most often arise within the subcortical white matter of the cerebral hemispheres, where they appear as poorly demarcated masses associated with increased vascularity and tissue necrosis. Histological analysis of glioblastoma reveals highly anaplastic and mitotic tumor cells embedded with a tumor microenvironment composed of brain-resident microglia, infiltrating monocytes/ macrophages, reactive astrocytes, endothelial cells, pericytes, neural stem/progenitor cells and other immune cell infiltrates (1, 2) . The tissue macrophage compartment contains both resident microglia and bone marrow (BM)-derived macrophages, although the exact composition and tissue origins have been incompletely characterized.
The importance of these tumor associated macrophage (TAM) populations to glioma growth is highlighted by their large numbers within these tumors, comprising as many as 30-50% of all cells in human glioblastoma (2) . In addition, numerous studies focused on experimental murine low-grade glioma and glioblastoma models have revealed a critical role for these TAMs in tumor formation and maintenance. Using a neurofibromatosis type 1 (NF1) model of low-grade glioma, pharmacological or genetic silencing of microglia delays glioma formation and attenuates established tumor growth, suggesting the presence of growth factors elaborated by these TAMs (3) . RNA-sequencing of TAMs in this model revealed that the CCL5 chemokine is a major microglia-derived driver of neurofibromatosis 1 glioma growth (4) . In addition, a large number of elegant studies on murine high-grade glioma have demonstrated that microglia are critical for tumor growth and migration (5) . These microglia are recruited by the glioma cells to establish a feed-forward cellular circuit that drives further tumor growth (5) . In this regard, changing TAM polarization by inhibiting colonystimulating factor 1 receptor signaling reduced PDGFB-driven murine glioblastoma growth (6) ; however, this strategy failed to show efficacy in clinical trials for recurrent glioblastoma (7) .
One reason that targeting TAMs in glioblastoma has not been successful can be partially attributable to the fact that TAMs are a mixed population. Macrophages derived from infiltrating bone marrow-derived monocytes or resident microglia can be morphologically indistinguishable in tissue sections and are not reliably separated using available lineagespecific antibodies. Traditionally, investigators have relied on CD45 antibodies to distinguish resident microglia (CD45 Lo ) from macrophages of hematopoietic origin (CD45 Hi ) using FACS analysis (8) . The use of CD45 to separate these populations was recently challenged by studies using head-protected irradiation chimeras, showing that microglia can increase CD45 expression to constitute a proportion of the CD45 Hi population in gliomas (9) . In addition, there is also a significant myeloid cell infiltration in high-grade glioma, postulated to result from total body irradiation damage to brain-blood barrier (BBB) integrity (9, 10) . As such, it is currently unclear to what extent glioblastoma macrophages are derived from infiltrating cells from the blood circulation or what proportion of the glioblastoma macrophages are microglia versus monocyte/macrophages. Moreover, it is not known where each population is physically localized within glioblastoma, which contains specialized cellular niches (11) .
To gain insights into the populations of TAMs that comprise murine experimental glioblastoma, we leveraged a mouse model in which the Cx3cr1 and Ccr2 genes contain distinct fluorescent proteins as knock-in alleles (Cx3cr1 GFP/WT ; Ccr2 RFP/WT mice). The use of these mice is predicated on the finding that mouse monocytes can be subdivided into Ly6C + CX3CR1 Int CCR2 + inflammatory monocytes and Ly6C Lo/− CX3CR1 Hi CCR2 − circulating monocytes (12, 13) . Combining Cx3cr1 GFP/WT ;Ccr2 RFP/WT knock-in mice with a genetically-engineered mouse model (GEMM) of PDGFB-driven glioblastoma, we show that the majority of inflammatory monocytes/macrophages express both CCR2 and CX3CR1, while microglia express only CX3CR1. Multi-parameter flow cytometry analyses showed that CD45 Hi population consists of CCR2 + CX3CR1 + cells, while the CD45 Lo population only contains CX3CR1 + cells. In addition, over 85% of the TAMs within the tumors are bone marrow-derived macrophages, while microglia predominate in the peritumoral areas. Additionally, RNA-sequencing analyses revealed differential gene expression patterns unique to infiltrating and resident cells, suggesting unique functions for each TAM population. Loss of one copy of Ccl2, the ligand for CCR2, which recruits monocytes to sites of inflammation, significantly prolonged the survival of glioblastomabearing mice. Our results demonstrate the unique spatial and temporal differential composition, and distinct biological functions for infiltrating and resident myeloid cells in glioblastoma.
Materials and Methods

Mice
Animals were housed in the Cleveland Clinic Biological Resource Unit or Emory University Division of Animal Resources. Mice undergoing GL261 glioma cell injections were housed at the Max-Delbrück-Center of Molecular Medicine in the Helmholtz Association. All experimental procedures were approved by the Institutional Animal Care and Use Committee of the Cleveland Clinic (Animal Protocol 2013-1029) and Emory University (Protocol #2003253) and by the LaGeSo of the Helmholtz Association (G0438/12). Mice (6-10 weeks old, except animals that went through bone marrow transplant which are usually 8 weeks older) of both genders were used in all experiments. We used age and sex as criteria to equally distribute mice from different genotypes for all the experiments. Gli-Luciferase; Nestin-tv-a;Ink4a-Arf −/− ;Pten fl/fl mice were generated as previously described (1, 14) . B6 (Cx3cr1 WT/WT ;Ccr2 WT/WT ) and Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice were a gift
Cell cultures and transfection
DF-1 cells were purchased from ATCC in 2010. Cells were grown at 39 o C according to instructions from ATCC, expanded to passage 4 and stored in aliquots in liquid nitrogen. Transfection with RCAS-PDGFB-HA and RCAS-shRNA p53 were performed using a Fugene 6 transfection kit (# 11814443001 Roche, Mannheim, Germany) according to manufacturer's instructions. Transfected cells are used for injections before they reach passage 25. Cells were tested for mycoplasma contamination by using a "PlasmoTest" kit (Invivogen). Murine GL261 glioma cells were obtained from the National Cancer Institute in 2016. They were grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum, 200 mM glutamine, 100 U/mL penicillin, and 100 mg/ml streptomycin (all from Invitrogen, Carlsbad, CA, USA). Cells cultured less than 5 passages were used to inject mice to induce glioma. Because of the short history of growth and healthy appearance, no mycoplasma test was done on GL261 cells. were anesthetized with intraperitoneal injections of a mixture of ketamine and xylazine (ketamine, 0.1 mg/g and xylazine, 0.02 mg/g). One microliter of 4×10 4 cell suspension containing RCAS-PDGF-B-HA transfected DF1 cells was delivered using a 30-gauge needle attached to a Hamilton syringe and stereotactic fixation device (Stoelting, Wood Dale, IL). Locations were determined according to the brain atlas (17) . Cells were injected into the right frontal striatum with the following coordinates: bregma AP (anterior/posterior) 1.0 mm, ML (medial/lateral) 1.0 mm, and DV (dorsal/ventral) 2.0 mm. The same location was used to generate tumor in Ntva;Ccl2 +/+ and Ntva;Ccl2 +/− . Ccl2 −/− mice were obtained from Jackson laboratory (#004434) (18) and were further crossed to B6/Ntva mice. Mice were monitored carefully and were sacrificed if they displayed lethargy due to tumor burden.
Generation of tumors using RCAS/Ntva system
Orthotopic glioma generation
The same procedure was used as described above, except that 2.5×10 4 of freshly-dissociated tumor cells from RCAS/Ntva donors were injected into the frontal striatum of recipient animals.
Generation of murine gliomas using GL261 cell line
One microliter cell suspension of 2×10 4 GL261 cells was delivered using a 30-gauge needle attached to a Hamilton syringe (Hamilton, Reno, NV, USA). Coordinates for injections were 1 mm anterior, 2mm lateral and 3 mm deep relative to the bregma. Mice were monitored daily for the first two weeks and twice a day starting from day 15 post-injection for symptoms of tumor development (lethargy, hydrocephalus, head tilting). Mice were euthanized 21 days post-injection.
Tissue processing
Animals were anesthetized with a ketamine/xylazine mix, perfused with ice-cold Ringer's solution, and sacrificed. Brains were removed and processed according to the different applications. For H&E tumor validation and immunohistochemistry staining, brains were fixed in 10% neutral buffered formalin for 72 hours at RT, processed in a tissue processer (Leica TP1050), embedded in paraffin, sectioned (5 μm), and slide mounted. For immunofluorescent staining, brains were fixed in 4% PFA overnight at 4°C, immersed in 30% sucrose (dissolved in PBS) for 48 hours at 4°C, embedded in Optimal Cutting Temperature (OCT, Tissue-Tek) compound, sectioned (8 μm), slide mounted, and stored at −80°C.
Immunofluorescent staining
8μm coronal sections were used for frozen sections in all histological studies. The following antibodies were used at the stated dilutions: rabbit polyclonal anti-Iba1, 1:100 (Wako Pure Chemicals, Osaka Japan); Rabbit polyclonal anti-RFP, 1:50 (Rockland), rat monoclonal anti-CD31, 1:100 (Histonova), rabbit anti-Ki67, 1:100 (Abcam). Secondary antibodies conjugated to different Alexa-Fluor dyes (488nm, 555nm, 647nm from Invitrogen) at a dilution of 1:500 in PBS/2%BSA were applied. For nuclear counterstaining, DAPI was used (Sigma). For quantification of Iba1 + , GFP + or RFP + cells, five to ten images (20x) of tumor and peritumoral regions were taken per mouse brain using CD31 or DAPI staining as a reference on an Olympus FV1000 confocal microscope. TUNEL assay (Sigma) was performed as previously described (19) . Full brain coronal sections were created by multiple area tiled scanning using the same microscope. Cell numbers were counted with FIJI and normalized to a 1 mm 2 area.
Flow cytometry
Brains were digested in 0.25% Trypsin/EDTA without phenol red at 37°C for 10 minutes (glioblastoma) or 30 minutes (naïve brains, without cerebellum). Digestion was terminated by adding 2 volumes of RPMI medium containing 10% FBS. Cells were passed through a 40μm cell strainer, centrifuged and resuspended in 30% Percoll (GE Healthcare) solution and layered above a 70% Percoll layer (diluted in RPM medium with 1% FBS). Cells were separated by centrifuging at 800xg for 30 minutes at 4°C. Cells from the 30%/70% Percoll interphase were collected and washed with FACS buffer (DPBS with 0.5% BSA) and blocked with 100μl of 2× blocking solution (2% FBS, 5% normal rat serum, 5% normal mouse serum, 5% normal rabbit serum, 10 μg/ml 2.4g2 anti-FcR and 0.2% NaN 3 in DPBS) on ice for 30 minutes. Cells were then stained on ice for 30 minutes and washed with FACS buffer. For enumeration of blood cell types, blood samples were taken via tail vein bleeding, lysed with RBC lysis buffer (BioLegend, cat#420301), washed with FACS buffer, counted with a hemocytometer, and stained using the same protocol described above. Antibodies used in the study include: CD45-APC, CD11b-PerCP-Cy5.5, Ly6C-PE-Cy7, F4/80-APC-Cy7 (BD Pharmingen), and Ly6G-V450 (BioLegend). All data were collected on a BD LSR flow cytometer and analyzed using FlowJo 10 software (Tree Star Inc.).
Generation of BM chimeras
Two irradiation regiments were used to ablate host hematopoietic system for BM chimera generations, the first with total body irradiation (TBI) and the second with head-protected irradiation (HPI) where the heads of the mice were protected from the ionizing X-ray. For TBI, recipient mice 4 to 5 weeks old were irradiated in a Shepherd Mark 137 Cs irradiator by two doses of irradiation at 600 rads each, with a 4h interval in between. For HPI, anesthetized mice were first placed in a custom-made apparatus where their bodies were accessible by X-ray but their heads were protected by a 5-mm thick lead sheet. The apparatus was then placed in a low-energy Pantak Cabinet X-ray irradiator with totaling 950 rads delivered. Bone marrow cells were collected from femurs and tibias of donor mice. Single bone marrow cells were suspended in sterile HBSS at 2×10 8 cells/ml. 100 μl cell suspension (2×10 7 cells) was injected in each recipient mouse through the retro-orbital sinus. Recipient mice received 1.2 mg/ml gentamicin (Thermo Fisher) through drinking water for 10 days. Eight to 10 weeks after the bone marrow transplant, 50 μl of blood were collected through an incision in the tail vein and placed in 10U of heparin (Sigma). The erythrocytes were lysed and the leukocytes were washed in PBS and analyzed by flow cytometry as described above to determine the efficiency of chimeric reconstitution. To quantify the reconstitution efficiency, we took advantage of the fact that all Ly6C Hi inflammatory monocytes express CCR2. A formula thus can be generated: % reconstitution efficiency = CCR2 RFP cells/Ly6C Hi cells X 100%.
RNA-sequencing and data analyses
Detailed description can be found in the supplemental materials online. Briefly, Naïve microglia, naïve monocytes, tumor-associated microglia, and tumor-associated monocytes were isolated by FACS sorting based on CD11b, CD45 and CX3CR1 and CCR2 combination, details are described above. Their mRNA was extracted with RNeasy Plus Mini kit (Qiagen) per manufacturer's instructions. The quality of the mRNA was assessed by Bioanalyzer (Agilent Technology) and the RIN numbers were above 9.50. Complementary DNA (cDNA) library was established by using Ovation RNA-Seq v2 method (NuGen, San Carlos, CA). Samples were sequenced on the HiSeq 2000 at 2X 101 bp in the paired ends. Illumina HiSeq Control Software and Real-Time Analysis were used for sequencing and raw instrument data processing. Gene and isoform expression levels were calculated using Cufflinks version 2.1.1. Transcripts from mitochondrial and ribosomal RNA genes were masked and not included. The final abundances of genes in cells were computed in FPKM (Fragments Per Kilobase of exon model per Million mapped fragments). The GTF (General Transfer Format) from Ensembl release 67 was used for genome-wide transcriptome quantification of protein-coding genes, annotated in mm9, including alternative transcript isoform expression estimation. In order to compare gene and transcript expression under two conditions, the annotated GTF was fed to the Cuffdiff algorithm in Cufflinks to measure the fold change of the coding genes. Final differentially expressed genes (DEGs) were listed with their expected fragment numbers. To identify overlapping or unique DEGs, a minimum Log 2 fold change of 2 and P-value ≤ 0.01 were used as cut-off value in the pairwise comparisons. A cross comparison was then applied to identify overlapping and unique DEGs between tumor-associated microglia and macrophages. The biological processes enriched among the overlapping DEGs were searched against a variety of databases using the Reactome FIViz plugin (20) in Cytoscape (21) . The significance of GO (gene ontology) terms was determined based on P-value (≤ 0.001) and FDR (≤ 0.025).
The number of unique DEGs specific to tumor-associated microglia, tumor-associated macrophages, and common to both in a defined functional category are presented. The raw RNA-Seq data, along with experimental information is deposited in the NCBI Sequence Read Archive (SRA) database under accession number PRJNA349180.
Quantitative real-time PCR
RNA concentrations were measured with a NanoDrop spectrophotometer and samples were stored at -80°C. cDNA was synthesized from total RNA using the SuperScript III First-Strand Synthesis System (Life Technologies, Grand Island, NY). Quantitative real-time PCR was performed using a SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, CA) according to manufacturer's instructions. Amplification was performed on a Bio-Rad CFX96 Real-time System. Primers are purchased as off-the-shelf products from BioRad. HPRT was used as an internal control and the ΔΔCT method was used to calculate changes in fold expression.
Statistical analysis
Graphs were created using GraphPad Prism 6 (GraphPad Software Inc.) and were analyzed using an unpaired or paired parametric two-tailed t-test as appropriate, assuming equal standard deviations. One-way ANOVA was used in experiments having more than one group to compare to controls. The details are included in Figure legends (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; (no asterisk) not significant.
Results
The majority of TAMs are infiltrating CD45 Hi leukocytes from the blood circulation
To characterize TAMs in murine PDGFB-driven glioblastoma, we initially employed standard antibody combinations for flow cytometric analysis. For these experiments, tumors were dissected from B6 mice when the mice were terminally ill from tumor burden (survival endpoint), and the total percentages of CD45 + CD11b + myeloid cells examined (Fig. 1A,B ). Relative to naïve mice, where the CD45 Hi population accounts for about 1.5±0.3% of the total brain myeloid cell population ( Fig. 2A) , the percentage of CD45 Hi cells in the brain tumors was increased (87.5±6.2%, P<0.01, Fig. 1A ). Next, the Ly6C and Ly6G surface markers were used to subdivide CD45 Hi cells into three distinct populations (Ly6C Hi Ly6G − monocytes, Ly6C Lo Ly6G − tissue macrophages, and Ly6C + Ly6G + neutrophils; Fig. 1A ). Among all of the CD45 Hi cells, the majority expressed low levels of Ly6C (Ly6C Lo Ly6G − macrophages). In contrast, 12.2±4.5% of these cells expressed high levels of Ly6C (Ly6C Hi Ly6G − inflammatory monocytes), while only 4.4±2.6% expressed both markers (Ly6C + Ly6G + neutrophils) ( Fig. 1A ). CD45 Lo resident microglia expressed no or very low levels of Ly6C, consistent with previous findings (22) . Interestingly, when the expression of F4/80, a mature phagocytic cell marker, was examined, we found that the CD45 Hi Ly6C Lo population exhibited the highest levels of F4/80 (mean fluorescent intensity or MFI at 2.3±1.4×10 3, P<0.001), indicating that these cells had differentiated into tissue macrophages ( Fig. 1B) . In contrast, Ly6C Hi inflammatory monocytes maintained low levels of F4/80 (MFI=0.83±0.68×10 3 ), confirming that they recently infiltrated from the blood circulation into the tumor. Microglial expression of F4/80 (MFI=0.77±0.29×10 3 ) was comparable to that of the Ly6C Hi cells, but was much lower than that observed in the Ly6C Lo cells. Neutrophil expression of F4/80 was undetectable ( Fig. 1B ).
Cx3cr1 GFP/WT ;Ccr2 RFP/WT knock-in mice distinguish resident microglia from BM-derived macrophages
While the above FACS marker combinations are useful for distinguishing resident microglia from BM-derived monocyte/macrophages, they are not suitable for identifying these cells in histological sections (23) . To define the monocyte populations in murine glioblastoma tissues using genetic strategies, we took advantage of Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice, which express green fluorescent protein (GFP) under the control of Cx3cr1 promoter and red fluorescent protein (RFP) under the control of Ccr2 promoter. Both strains have these fluorescent protein transgenes inserted into the endogenous locus to mimic normal CX3CR1 and CCR2 expression. In these experiments, we leveraged the complementary expression intensities of CX3CR1 and CCR2 to distinguish inflammatory monocytes (CX3CR1 Lo CCR2 Hi cells with high Ly6C levels), patrolling monocytes (CX3CR1 Hi CCR2 Lo cells with low Ly6C levels) (24) , and resident brain microglia (CX3CR1 Hi CCR2 − cells) in murine glioblastoma.
We first demonstrated that a single copy replacement of Cx3cr1 or Ccr2 gene by GFP or RFP did not affect tumorigenesis, as determined by mouse survival and glioma penetrance ( Supplementary Table S1 ). Consistent with previous published reports (25) , naïve brains from Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice contained only CX3CR1 Hi CCR2 − resident brain microglia ( Fig. 2A ). In addition, there were no differences observed in the percentages of the CD45 Hi infiltrating cells when tumors from Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice were compared to those generated in wild-type B6 mice (Fig. 2B) . Second, three distinct, but related monocyte populations, were observed in the murine brain tumors as stratified by their CX3CR1-GFP or CCR2-RFP expression intensities. The CX3CR1 Lo CCR2 Hi (31.93±13.16% of total CD11b + cells) and CX3CR1 Hi CCR2 Lo (13.81±8.43%) populations demonstrated polarizing Ly6C expression ( Fig. 2B) . Surprisingly, a dominant doublepositive population (36.05±8.13%) was found (gated in yellow, Fig. 2B ). These doublepositive cells expressed intermediate/low levels of Ly6C, but high levels of F4/80 (not shown), and correspond to the CD45 Hi Ly6C Lo F4/80 Hi population in tumors generated in wild-type B6 mice ( Fig. 1) . However, the presence of CCR2 demonstrates that these cells are BM-derived, rather than resident microglia that upregulated CD45 expression. Lastly, the small numbers (9.83±1.42%) of CD45 Lo microglia expressed abundant CX3CR1, as indicated by strong GFP signal with low to negative Ly6C expression ( Fig. 2B) . Collectively, these data support the use of Cx3cr1 GFP/WT and Ccr2 RFP/WT knock-in mice to study the temporal and spatial dynamics of TAM infiltration and function in murine glioblastoma in vivo.
Inflammatory monocytes infiltrate to glioblastoma from the blood circulation
In terminally-ill mice with glioblastoma, the number of BM-derived cells from the circulation represents the greatest portion of the TAMs. To determine whether the number of circulating BM-monocytes correlates with disease progression, we analyzed whole blood of B6 and Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice 20 days post-tumor cell transplantation (no tumors at this time point) and at death. Quantification of the numbers of monocytes and neutrophils show that there is a significant decrease in Ly6C Hi blood monocytes from tumor-bearing mice at end stage compared to 20 days post-tumor cell transplantation ( Supplementary Fig.  S1 ). Identical results were observed in wild-type B6 and Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice.
The total CD11b + myeloid population (data not shown) and neutrophil numbers did not differ as a function of tumor development ( Supplementary Fig. S1 ). Together, these data suggest that decreased number of blood monocytes is associated with their increased infiltration into glioblastoma.
BM-derived monocyte/macrophages predominate within the glioblastoma parenchyma, while microglia reside at the tumor periphery
The glioblastoma microenvironment is compartmentalized into anatomically-distinct regions, referred to as "tumor niches", which contain various populations of stromal cells as well as glioma stem cells, the most resistant population to radio-and chemotherapy (11) . In this regard, it is important to distinguish differences in the spatial localization of BM-derived macrophages relative to resident microglia. To define the distribution of these TAM populations, tumor-bearing Cx3cr1 GFP/WT ;Ccr2 RFP/WT mouse brains were immunostained with CD31 (endothelial cells) and RFP antibodies (due to the weakened signal of the RFP reporter following fixation) coupled with the endogenous GFP reporter (less affected by fixation). Most of the GFP + cells inside of the tumor parenchyma were also positive for RFP expression. Interestingly, these GFP + RFP + double-positive BM-derived cells formed clusters around blood vessels (arrow, Fig. 3A ). In agreement with our flow cytometry data, single GFP + (RFP − ) cells were observed in much lower numbers than that of the double-positive cells (69.9±7.9 vs. 216.6±16.9, P<0.01) inside the tumor proper ( Fig. 3B) .
In contrast, the myeloid cells in the peritumoral regions were frequently only GFP + , in particular outside of the tumor proper (dotted line demarcates the tumor). GFP + RFP + double-positive cells were mostly observed within the tumor parenchyma ( Fig. 3A) .
We also investigated the spatial distribution of these myeloid cells in another murine GBM model by implanting GL261 cells in Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice (26) . The results were similar between the two models with respect to the TAM cellular distribution within the tumors (Fig. 3C, D) , where the majority of TAMs within the tumor were derived from the bone marrow. In the peritumoral regions, the number of single GFP + microglia in the GL261 model is similar to that observed in the PDGFB-driven glioma (Fig. 3D ). In addition, the number of RFP + GFP + macrophages was higher in GL261 model although this difference did not reach statistical significance (173±36.8 vs 98.7±30.9, P=0.056 by t-test).
In order to demonstrate that these double-positive cells infiltrated from the blood circulation, we generated tumors in Cx3cr1 GFP/GFP ;Ccr2 RFP/WT mice. We have previously shown that tumors generated in this strain have significant infiltration of Ly6C Hi inflammatory monocytes from the blood circulation (27) . Histological examination of the tumors generated in Cx3cr1 GFP/GFP ;Ccr2 RFP/WT mice revealed the presence of a GFP + RFP + tumor cells isolated from RCAS/Ntva donors into Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice, and euthanized the animals at 25 days post-injection when no tumor-induced neurological symptoms were apparent (median survival, 56 days; Supplementary Table S1 ). We were able to obtain tumors of various sizes in approximately half of the mice, reflecting the spectrum of stages of tumor progression ( Fig. 4A) . Even in the smallest tumors generated (which are invisible on the surface of the brain by gross examination; #1 in Fig. 4A) , the CX3CR1-GFP/CCR2-RFP double positive cells inside the tumor mass are evident and numerous (#1 in Fig. 4B ). This distribution was also observed in tumors of increasing size (Fig. 4B) . When we quantified the number of these cells as a function of tumor size ( Fig. 4C) , we found no difference between small and large tumors, suggesting that BM-derived cells infiltrate the tumor mass early during GBM development, and maintain their presence with continued tumor growth. In naïve mice, RFP + cells were not observed in the brain parenchyma, but only occasionally in the meninges ( Supplementary Fig. S3 ).
Unlike PDGFB-driven glioblastoma, multiple tumors of various sizes/stages form in a single brain following the injection of GL261 glioma cells. Similarly, we found that irrespective of the tumor sizes, CX3CR1-GFP/CCR2-RFP double positive cells dominate the tumor, particularly in the perivascular spaces, whereas single GPF + cells largely reside in the periphery of the tumor mass ( Fig 4D) .
Bone marrow chimerism confirms that the majority TAMs are infiltrating monocyte/ macrophages
To further confirm the relative ratios of BM-derived cells to resident microglia within the glioblastoma tumor mass, we generated BM chimeras where BM cells derived from Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice were transplanted into naïve wild-type B6 mice. In conjunction with Iba1 immunohistochemistry, these chimeric mice allow us to unambiguously distinguish donor-derived TAM as Iba1 + GFP + , while host microglia as Iba1 + GFP − . The procedure used to generate these BM-chimeric tumor-bearing mice is illustrated in Figure 5A . We used two irradiation regimens to ablate the host immune system, total body irradiation (TBI) and head protected irradiation (HPI), because both regiments have inherent strengths and weaknesses. Surprisingly, when we examined the reconstitution rate of the chimeras treated by HPI, we found that only ~50% of the leukocytes derived from the donor marrows ( Supplementary Fig. S4 ). Because this low reconstitution rate yields a mixed population of GFP + and GFP − monocytes, precluding the chimeras from being used for meaningful evaluation, cellular quantification of tissue sections obtained from HPItreated chimeric mice was not performed.
We first examined the reconstitution efficiency of the BM following TBI treatment, and found that over 98% of the leukocytes are BM-derived cells at the time of tumor implantation ( Supplementary Fig. S4 ). At death, tumors were dissected and analyzed by immunohistochemistry. Tumor parenchyma and peritumoral areas were identified by nuclei densities, as visualized by DAPI staining (Fig. 5B) , and were used as regions-of-interest (ROIs) to quantify the numbers of Iba1 + GFP + (BM-derived) and Iba1 + GFP − (resident microglia) (Fig. 5C ). In non-tumor-bearing naïve chimeric mice, all of the Iba1 + cells were GFP negative, indicating their host origin. However, within the tumor parenchyma, the majority (82.8±3.8%) of the Iba1 + cells also expressed GFP, indicative of a BM origin (Fig.  5D ), in agreement with flow cytometry analysis (Figs. 1, 2) . In striking contrast, only 45.3±2.0% of the Iba1 + cells in the peritumoral region were BM-derived, while the majority were resident microglia (Iba1 + GFP − ) with ramified morphologies (Fig. 5C, D) . Occasionally, Iba1 − GFP + cells were observed in the tumor (Fig. 5C ), which likely represent rare CX3CR1-expressing T cells (28) .
RNA sequencing analysis identifies unique gene expression profiles in infiltrating BMderived cells versus microglia
Given their differential localizations, we sought to identify the gene expression profiles of these distinct populations. For these studies, BM-derived or resident myeloid cells were sorted from both naïve and tumor-bearing Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice according to red (Ccr2) and green (Cx3cr1) fluorescence in combination with CD45 and CD11b expression, and their transcriptome profiles analyzed by RNA-Seq. We found unique gene expression profiles from each of these four different populations (naïve microglia, naïve monocytes, tumor-associated microglia, and tumor-associated monocytes) by pair-wise comparisons (Fig. 6A ). Not surprisingly, substantial differences were observed between naïve microglia and naïve monocytes (1964 up-regulated and 1144 down-regulated genes, Supplementary  Fig. S5 ), consistent with their distinctive origins (13, 29, 30) . When we specifically explored the differentially expressed genes (DEGs) between tumor-associated microglia and BMderived tumor-associated macrophages, we found that 530 genes were up-regulated in both populations, but 938 and 1083 distinct genes were up-regulated in tumor-associated microglia or tumor-associated macrophages, respectively (Fig. 6B ). Functional queries of these gene sets using Reactome FIViz Network analysis identified "cellular migration" as most enriched in tumor-associated macrophages; whereas genes associated with "proinflammatory cytokines" and "metabolism" were enriched in tumor-associated microglia (Fig. 6C ). Pathways related to "cell proliferation" were significantly enriched in both populations (Fig. 6C) . A complete list of these genes and pathways are included in Supplementary Tables S2-S4 . We selected several deferentially regulated genes in tumorassociated microglia compared to naïve microglia (Fig. 6D ), tumor-associated macrophages compared to naïve monocytes (Fig. 6E) , and tumor-associated macrophages compared to tumor-associated microglia (Fig. 6F) , and confirmed their RNA expression levels by quantitative RT-PCR.
Heterozygous loss of Ccl2 prolongs the survival of glioblastoma-bearing mice
Previous studies had established that the CCL2/CCR2 axis is essential for monocyte migration into the inflamed CNS (31) . In the setting of murine glioblastoma, we have shown that neoplastic cells in glioblastoma express high levels of CCL2 (a.k.a. MCP-1), which contributes to the directional infiltration of CCR2 Hi inflammatory monocytes into the tumor (27) . When we queried the human TCGA database for CCL2 expression and divided the patients into high and low CCL2 cohorts, we found that the patients with low tumoral CCL2 expression survived significantly longer than those with high tumoral CCL2 expression ( Fig.   7A ). Since CCR2 Hi BM-derived cells account for over 85% of the TAM population in mouse glioblastoma (Fig. 2B) , and supported by our observations in human GBM patients, we hypothesized that heterozygous loss of the Ccl2 gene would reduce CCR2 Hi inflammatory monocyte infiltration and prolong the survival of glioblastoma-bearing mice. To test this hypothesis, Ntva mice were intercrossed with Ccl2 −/− mice to generate Ntva;Ccl2 +/− double transgenic mice for RCAS-mediated PDGFB-driven tumor induction ( Fig. 7B) . In agreement with a previous study (32) , genetic Ccl2 reduction extended the survival time of tumor-bearing Ntva;Ccl2 +/− mice relative to Ntva;Ccl2 +/+ littermate controls (median survival days are 69 and 55 respectively, P<0.05, Fig. 7C ). To investigate the mechanism underlying this prolonged survival conferred by Ccl2 reduction, we examined TAM accumulation, vasculature morphology and cell proliferation by histology ( Supplementary Fig. S6A ). There was a trend towards reduced numbers of Iba1 + macrophages in the tumors of Ntva;Ccl2 +/− mice compared to Ntva;Ccl2 +/+ mice (P=0.136; Supplementary Fig. S6B ), in line with the previous study showing that myeloid derived suppressor cells were significantly reduced in Ccl2 −/− mice in SB transposon-mediated de novo murine glioma model (32) . However, there was no difference observed in total vessel area or average vessel size between these two genotypes ( Supplementary Fig. S6B ). We also examined the number of proliferating cells by phosphor-histone 3 and Ki67 staining, but did not observe any difference in these terminal stage tumors ( Supplementary Figs. S7 & S8) . Additionally, we determined whether there is difference in cell death between Ccl2 +/− versus WT mice by TUNEL staining. We found no difference in cell death in the tumor proper (supplementary Fig. S9 ). To differentiate the source of CCL2 of being produced either by cancer cells or the stromal cells, we transplanted WT PDGFB-driven primary murine tumors into Ccl2 +/+ (WT) or Ccl2 +/− mice. Kaplan-Meier analyses indicate no survival advantage when Ccl2 gene expression is diminished in stromal cells ( Supplementary Fig. S10 ), suggesting that the cancer cells are the major producers of Ccl2. We have previously demonstrated that increased levels of CCL2 expression is associated with increased infiltration of monocytes and correlates with shorter survival of tumor bearing-mice (27) . Together, these data indicate that decreased level of CCL2 in neoplastic cells prolongs survival time of tumor-bearing mice.
Discussion
Macrophages account for 30-50% of the tumor mass in glioblastoma (2, 8) . However, whether these TAMs arise from peripheral monocytes or CNS resident microglia remains unclear. Here, by taking advantage of Cx3cr1 GFP/WT ;Ccr2 RFP/WT double transgenic reporter mice, we demonstrated that infiltrating macrophages constitute ~85% of the total TAM population, with resident microglia accounting for the remaining ~15% of TAMs. Bone marrow-derived infiltrating cells preferentially localize to perivascular areas within the tumor proper, whereas the smaller population of CCR2 − resident microglia are mainly localized to the peritumoral regions. By using RNA-sequencing analyses, we discovered differential gene expression patterns unique to infiltrating and resident cells, suggesting unique functions for each TAM population related to their pathobiological attributes in tumor development. Given the abundance of CCR2 Hi monocytes within the tumor, we demonstrate that loss of single copy of Ccl2 from both tumor and stromal cells prolonged survival of tumor-bearing mice.
The importance of developing methods to distinguish microglia from hematopoietic myeloid cells becomes increasingly clear, with an ever-increasing number of studies revealing differential roles of these monocytic cells in various CNS diseases (33, 34) . Differential functions of microglial cells can be partially attributed to their unique origin from yolk sac progenitors (29) and the fact that they can maintain themselves by virtue of longevity and self-renewal (29, 35, 36) . In this regard, resident microglia represent a distinct population of myeloid cells. Monocytes, on the other hand, originate from hematopoietic stem cells, with series of progenitors differentiating within the bone marrow and ultimately released to the blood circulation to colonize certain peripheral organs under both normal and inflammatory conditions (37) .
In the context of glioblastoma, approaches to distinguishing microglia from invading monocytes have traditionally relied on the use of CD45 antibodies to separate resident microglia (CD45 Lo ) from macrophages of hematopoietic origin (CD45 Hi ) by FACS analysis (8) . Analysis of human glioma samples has revealed that the CD45 Hi population is greater than the CD45 Lo population, suggesting that gliomas contain more recruited monocytes than microglia (10) . This concept was recently challenged by a study using irradiation mouse chimeras, which demonstrated that the majority of TAMs are intrinsic microglia, and that these microglial cells upregulate their CD45 expression to constitute a significant proportion of the CD45 Hi population in gliomas (9) . The discrepancy between our results and those of Muller et al. may be explained by the differences in genetic compositions of the animal models used, as was initially observed and reported by Badie and Schartner (8) . It is also likely that the presence of microglia in TAMs was overestimated by Muller et al., as they analyzed tumor-bearing hemispheres rather than the microdissected tumor proper. In this respect, tumor-bearing hemispheres contain large numbers of microglia that reside outside of the tumor mass ( Figs. 3 to 5 ). Although both microglia and infiltrating monocytes can upregulate their CD45 and CD11b expressions at the height of tumor development, there remains a clear demarcation in CD45 and CD11b intensity between these two populations, as visualized by flow cytometry (Fig. 2B) .
Similarly, another study employed single staining with antibodies against either CX3CR1 or CCR2 to conclude that the majority of TAMs were monocyte-derived (CX3CR1 − CCR2 + ) macrophages (38) . However, the prominent CX3CR1 and CCR2 double-positive population was not considered. It should be noted that CX3CR1 is expressed by both blood monocytes and microglia, and can be increased during monocyte differentiation into macrophages. These findings argue against the use of CX3CR1 alone as a microglia-specific marker either in the naïve mouse (12, 13) or in the context of glioma (27) . In addition, no widely available and well-validated antibodies to CX3CR1 or CCR2 exist to discriminate microglia, monocytes and monocyte-derived macrophages. Approaches, like those taken to identify Tmem119 (transmembrane protein 119), may reveal potential antibodies that selectively distinguish microglia from BM-derived monocytes (39) . Together, the discrepant results obtained from the use of bone-marrow chimeras and standardly-employed cell surface antibodies highlight the urgent need to re-evaluate these published conclusions in myeloid cell distribution in glioblastoma and to perform lineage-tracing experiments using reporter mice that accurately distinguish microglia from monocytes/macrophages in glioblastoma.
Using Cx3cr1 GFP/WT ;Ccr2 RFP/WT double knock-in mice, we demonstrated that during tumor development, BM-derived infiltrating cells dominate the TAM landscape (Figs. 2, 4) . The fact that they preferentially locate to perivascular regions suggests that they extravasate through blood vessels within the tumor. In contrast, resident microglia do not migrate easily through brain tissue (40) to the interior of the tumor and therefore are largely observed in the peritumoral spaces. It is also interesting to note that the intensity of both CX3CR1-GFP and CCR2-RFP varies considerably among the TAMs (Fig. 2) . It is well documented that CCR2 Hi cells are monocytes newly arrived at the site of inflammation (41) . Once homed to inflamed tissues, these cells gradually downregulate their CCR2 expression as they differentiate into macrophages (41) . Here, we demonstrated that the TAMs exhibit a broad range of CCR2-RFP intensities, indicating a continuous transformation of these cells from infiltrating monocytes to mature macrophages. Remarkably, the intensity of CX3CR1-GFP in these cells also varied, and inversely correlated to CCR2-RFP expression (Fig. 2) . This dynamic transition of the surface markers (Supplementary Video S1) indicates that BMderived macrophages are highly plastic and that these cells evolve to maturation in situ following extravasation (24) , although our data cannot entirely exclude the possibility that the small CCR2 − CX3CR1 Hi population infiltrated directly from the blood circulation. Additional linage tracing studies will be necessary to establish the ontology of this CCR2 − CX3CR1 Hi cells in glioblastoma.
Mature macrophages derived in situ from infiltrating monocytes play important roles in various inflammatory diseases and therefore stand as suitable targets for therapeutic interventions (42) . Our gene profiling experiments revealed that pathways involved in cell migration were significantly and specifically enriched in BM-derived TAMs (Fig. 6 ). CCL2, a member of the MCP (monocyte chemoattractant protein) chemokine family, plays an important role in mediating monocyte migration through its receptor CCR2. It is interesting to note that low CCL2 expression in human GBM is associated with significantly prolonged patient survival (Fig. 7) . Together, these findings raise the question as to whether reducing monocyte infiltration by targeting CCL2-CCR2 axis is a viable option for treating murine glioblastoma. To address this question, we showed that genetically interrupting the CCL2-CCR2 axis prolonged the survival of glioblastoma-bearing mice, in agreement with previous pharmacological studies (43, 44) . However, in contrast to the promising preclinical studies, neutralizing monoclonal antibodies against CCL2 administered to patients with metastatic, solid tumors did not produce favorable outcomes. Meta-analysis of the data from these clinical trials indicated that initial CCL2 inhibition may have unexpectedly caused subsequent increases in circulating CCL2 levels, possibly due to a compensatory feedback loop (45) . Lack of therapeutic benefits from inhibiting this axis indicates that CCL2-CCR2 interaction represents a complex signaling network that is not well understood. Since the reduction of CCL2 did not result in statistically significant decrease of TAM infiltration, it also implies that other MCP family chemokines likely function in synergy with CCL2 to recruit monocytes into glioblastoma. In this regard, MCP-3 (CCL-7) had been shown to play a critical role in recruiting BM-derived monocytes to sites of inflammation (46) .
While previous studies have revealed that BM-derived cells penetrate experimental murine GBM tumors, to our knowledge, this is the first report to provide conclusive evidence demonstrating that tumor-infiltrating BM cells are recruited early during GBM development in at least two independent murine models ( Fig. 4 ). CCR2-RFP + cells are found in clusters around blood vessels and spread across the entire tumor mass at all stages of tumorigenesis.
This novel observation implies that BM-derived TAMs interact with neoplastic cells in the perivascular niche to promote tumor growth from the initial stage of tumor development. In light of this notion, it is plausible that the prolonged survival of the Ntva;Ccl2 +/− mice reflects delayed tumor initiation as a result of diminished initial TAM infiltration due to Ccl2 reduction in tumor cells ( Fig. 7) .
In summary, we establish that the majority of glioblastoma-associated macrophages are BMderived infiltrating myeloid cells. These cells are recruited early during tumor formation, preferentially localize to the perivascular niche, and contribute to tumor development. Reducing their infiltration by genetic Ccl2 (MCP-1) modulation significantly prolongs the survival of glioblastoma-bearing mice. Future studies investigating members of MCP family chemokines have potential to elucidate the contributions of these stromal cells to tumor maintenance and may one day yield effective stroma-directed therapies. Representative dot plots gated on CD11b + CD45 + cells from (A) naïve and (B) tumors generated in Cx3cr1 GFP/WT ;Ccr2 RFP/WT mice. (A) Magenta and blue circles delineate the CD11b + CD45 Hi (blood-derived monocytes and macrophages) and CD11 + CD45 Lo (resident brain microglia) populations. Their CX3CR1-GFP and CCR2-RFP profiles are shown. (B) TAMs were identified by their CD11b and CD45 expression, and the CD45 Hi and CD45 Lo cells are further gated on RFP (CCR2) and GFP (CX3CR1) positivity. The CD45 Hi population can be stratified into three related but distinct populations, whose Ly6C expression is examined. The CD45 low population (microglia) expressed high level of CX3CR1-GFP, but little to no CCR2-RFP. Quantification of the subpopulations of CD45 Hi or CD45 Lo myeloid cells are described in the Result. N=3 for naïve mice and N=5 tumor bearing mice. 
